To solve the problem of predicting the service life of superstructures, this work proposes the basis and methodological developments of creep theory with increasing loads as well as regression analysis of the results of laboratory experiments. The main limitation in terms of reinforcement is corrosion in the concrete cracks, which was determined during laboratory experiments. Based on the results, the approximate analytical dependences concerning reinforcement corrosion depth change over time at a constant value of crack width were selected. The paper substantiates the validity of the analytical dependences as a result of regression analysis; it proposes formulae for determining the corrosion rate of rebars in reinforced concrete superstructures. The obtained analytical dependences allowed for the developing of a process for predicting changes to the state of the superstructure in light of operational changes.
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INTRODUCTION
Railway transport is the most important integrated transport system in Ukraine, providing non-stop freight and passenger transportation all year round. The railroads provide about half of the total freight turnover and more than one-third of passenger traffic in the country. Thus, the state of engineering structures is of great importance to ensure the safety and continuity of train traffic. Improving the reliability and durability of engineering structures is one of the most important issues, which is also required for the safe and continuous operation of the roads. The state of engineering structures affects the carrying and traffic capacity of the railway. Currently, a large number of bridges, pipe-culverts, and tunnels, built in different periods and, depending on their defects, having different load-bearing capacities, are used for the railways. Having inspected the bridge structures, one can judge the stress-state of reinforced concrete superstructures in view of changes in working conditions and the possibilities for its further operation as well as providing corrective measures to eliminate defects and damages. Bridges, tunnels, and pipe-culverts are the most important, complex, and expensive elements of traffic. Their total cost is around 17% of the value of the fixed assets of track facilities. Long-term experience of the operation of reinforced concrete bridge superstructures shows that, in real terms, in the supporting structures, the starting design parameters change and in many cases, these changes lead to various damages. Changes in operating conditions during the period of structure operation are envisaged in regulations for the design of reinforced concrete superstructures. In particular, to limit displacement of the track centreline with respect to the bridge axis to within 5 cm, and ensure the thickness of the ballast layer can be up to 50 cm. However, in real conditions, marked parameters exceed permissible ones. These deviations usually lead to an increase in structural deflection and the appearance of inadmissible cracks. As a result, reinforcement corrosion develops at the locations of the appearance of the cracks.
PURPOSE
In operating conditions, the stress-strain state of the bridge structure at the time of the survey conducted in order to determine the service life is different from the estimations assumed at the design stage. For reliable service life prediction, it is necessary to know the background of loading as well as the variability of the ageing process in the material within its remaining operating life [1] . Thus, there arises a problem of "creep", which should be considered with heavier loads. The correct solution is largely determined by the reliability of predictions for equations expressing the mechanical condition of the materials. These equations are phenomenological dependencies, yielded based on laboratory experiments with the simplest standard loading modes and subsequent generalizations using working hypotheses.
In terms of artificial structures for railways, service life is the main durability criterion [2] . Bridges are the most durable and responsible transport structures, so their repair or replacement is carried out in the event of the slightest real security threat to train movements, or any other service failure [3] . Therefore, solving scientific and technical problems of service life prediction for superstructures in the context of both defects and damage accumulation [4] , that is, taking into account changes in operating conditions, is of primary importance.
METHODOLOGY
Using pre-conditions and assumptions in the development of a methodology of calculation for reinforced concrete structures, I. M. Bondarenko presented complete relative deformations of concrete [5, 6] as
where: m S and n S -nonlinearity and stress functions corresponding to partial deformations;
-design resistance of concrete to axial compression; ) ( 0 t  -stress in concrete at the beginning of structure operation;
-limit strain of concrete shrinkage.
In accordance with [3, 6] :
In the above dependencies R -concrete strength after 28 days.
The presentation of mechanical condition as (3.1) … (3.8) is handy for practical calculations. It should be noted that equation (3.1) describes the material state during the simplest loading of the element with constant stress over time. For describing the deformation at increasing changes of modes of loading, one can create an independent equation of mechanical state. However, this method will lead to cumbersome problem-solving and is unacceptable for engineering calculations. Therefore, assuming that the swelling and shrinkage deformations do not depend on active stress and that instantaneous elastic deformations do not depend on mode and duration of loading, and further that creep at the time of loading start is zero, for full stresses at discrete load increases, it can be written:
or in the case of continuous increase of the loading
In view of the given relationships, (3.1) is represented as
Thus, to predict the residual service life of the superstructure, adjusted for the mechanical state of concrete, it is necessary to know the magnitude of shrinkage, modules of creep and elasticity, and change of the loading level in the compressed concrete area up to the time of construction survey. During the operation of concrete bridge structures, stress levels in the compressed concrete area increase leading to an infringement of the linear law of stress variations and creep deformation. For this case in study [4] [5] [6] , a fairly simple analytical expression was proposed
-a measure of simple creep, not depending on the relative level of stresses;
In the study [5] , the illustrated dependences were used for describing the set of curves of concrete creep in the elements working in natural climatic conditions at increasing loads over time. They are typical for operating conditions of bridge superstructures. For experimental evaluation, concrete samples with cross-sectional dimensions of 10 × 10 cm and a height of 40 cm were manufactured in metal moulds. Loading of samples at 28 days was carried out on a spring-hydraulic device HP/200 constructed at CSRIC (Central Scientific Research Institute of Construction). The loaded samples were kept in natural conditions. After the onset of the stabilization period of creep growth, the stress level increased gradually within 0,1Rb.
FINDINGS
Test results are shown in Figure 1 . Theoretical curves plotted (3.11) using mathematical models of predicting the mechanical properties of concrete according to dependencies (3.2) ... (3.8) and (3.12) are also presented. As shown in Figure 1 , dependence (3.11) with the proposed methods for evaluating the numerical parameters of deformations satisfactorily describes the process of deformation growth at increasing loadings. The obtained results can be used in predicting superstructure residual service life for cases where, in the operation of a process span, stress levels in the structure increase due to the introduction of heavier live loads, increasing of ballast depth, and so on.
Cracks are the most common form of damage in reinforced concrete bridge superstructures. In standard reinforced concrete structures, the appearance of cracks in tensile zones at stresses that are higher than the design strength of the concrete is an unavoidable process; it is envisaged at the design stage with restriction of crack growth of 0.2 mm. The belief is that at such a growth level, there is no intensive moisture penetration into the reinforcement so, it will not corrode profusely and the operational capability of the construction will be maintained.
In pre-stressed concrete structures with reinforcement in the form of wire strands, individual wires or cables, cracks in the concrete are very dangerous. Moisture penetration through these cracks can lead to rapid corrosion, reducing the reinforcing steel cross-section due to the small diameter of the wire. The most typical types of cracks occurring in reinforced concrete bridge superstructures are: a) shrink; b) diagonal; c) longitudinal in the intersection between the ballast slab and beam wall; g) longitudinal in the pre-compressed zones; d) transverse in the ballast slab; e) transverse in the lower stretched zones of pre-stressed superstructures; g) horizontal on the end sections of superstructures [6] .
A very important property of the crack is the stability of its opening; many cracks in concrete "breathe" under the impact of alternating thermal and humidity strains and changes of external load, that is to say, their opening size varies during the structure's operation. Compared with stable varieties, such cracks are more dangerous with regard to reinforcement corrosion as protective deposits degrade periodically [7, 8] .
Cracks of corrosive origin, regardless of their growth, are dangerous: they indicate both the aggressiveness of the environment in which concrete fails in its protective function in relation to reinforcement and a deep, continuous corrosion process.
Corrosion cracks are formed in the protective layer due to the high tensile stresses in concrete, developed due to the accumulation of rust on the surface of the rebar if conditions are favourable for corrosion. Corrosion of reinforcement at the original monolithic layer can be caused by many factors: high concrete porosity, carbonization, stray currents impact, and corrosive gases [7, 9] . Due to the nature of corrosion damage, it can be either a) non-uniform; b) isolated; c) pitting; d) spot; e) penetrative; f) threadlike; g) inter-granular; h) selective. As a result of the combined impact of corrosion and mechanical factors, the following phenomena may appear: a) fretting corrosion -corrosion at oscillatory moving areas under the corrosive environment effect; b) corrosion cracking -corrosion of metal under the simultaneous effects of corrosive environment and external or internal mechanical tensile stresses with the formation of trans-granular and inter-granular cracks; c) corrosion fatigue -reducing the metal fatigue limit under the simultaneous effect of cyclic tensile stresses and corrosive environments; d) corrosion brittleness -property of a metal as a result of corrosion.
By the very nature of the corrosion process, metal can be disintegrated by chemical and electrochemical mechanisms. Concrete transport structures are affected by electrochemical corrosion while chemical corrosion is rarely seen. Corrosion of reinforcement steel is determined by both internal and external factors. The internal factors include the chemical composition and structure of the metal, mechanical stresses, and the presence of impurities; external factors are the presence of cracks, the aggressiveness of the environment, motion of water, ambient temperature, amongst others.
In the presence of cracks in concrete galvanic macro-couple on steel reinforcement, the following may arise; anode areas -reinforcement in the crack zone; cathode areas -the point where the adhesive strength of concrete and steel is not broken. The area of anode sections depends on the value of crack-openings and the diameter of reinforcement. Due to the small size of the anode areas in comparison with cathode ones, and the low electrical resistance of moistened concrete, the work of such a corrosive couple runs very intensively. Cracks in the concrete dramatically shift the stationary potential of reinforcement in the negative direction and cause intense corrosion. Corrosion of reinforcements, with cracks in concrete under normal atmospheric conditions, see their continuous growth decreasing with time, which can be explained by the self-compaction of cracks. Most self-compaction occurs in thin cracks (opening up to 0.2 mm) due to the crystallization of Ca(OH)2, calcium carbonate, and calcium hydroxide deposition. In cracks with larger growth, this deceleration may not occur. One of the main causes of failure of reinforced concrete bridge superstructures is the reduction of the area of working reinforcement due to corrosion or threat of intensive development of this process. In operating reinforced concrete bridge structures, it is impossible to determine visually how intense this corrosion process is and so, it must be established by an indirect method, one of which is to determine the depth of reinforcement corrosion by observing the crack width. Figure 2 shows a graph derived from data of reinforcement corrosion depending on the crack width in concrete. As seen in Figure 2 , the likelihood of corrosion processes acting on reinforcement in crack areas in concrete is higher the greater the opening. In order to use these graphics in analytical calculations, it is necessary to obtain analytical dependence which would include three variables: the crack width, years of construction operation, and depth of reinforcement corrosion. For the graphs, approximate dependences were selected using the least-squares method (Fig. 2) . For function approximation f(x) on a segment [a, b] by polynomials, by its special values specified at discrete points а ≤ x0, x1, …, xn ≤ b, the degree of the polynomial was chosen according to the number of interpolation nodes so that an approximating polynomial is uniquely determined. where: с, n -parameters selected according to the results of the experimental data.
In order to obtain single dependence for the argument and index of yielded functions, home graphics were constructed and also approximated (Fig. 3) . The graph of arguments is best described with a logarithmic function and the graph of index is described with a power function. Thus, the dependence to describe the depth of the corrosion process, depending on the crack width and service life, was obtained:
where: а -the crack width, mm; Т -years of construction operation. Table 1 shows selected results of calculations obtained by the formula (4.2). The results of test calculations by obtained formulas are presented (as points) in Fig. 3 . These points have been included in 95% of confidence region limits, indicating the reliability of the chosen formula. The rate of corrosion is in direct proportion to the crack width: the larger the crack width, the faster the corrosion process. Using the formula (4.2), the dependence for determining the corrosion process rate in the rebar was obtained   Calculation results are given in Table 2 . where: r -design radius of working reinforcement in bridge span.
This formula is used when there is no permanent water access to the structure. The reinforcement is in the girder wall and corrosion occurs by the segment. However, very often, there is ingress of moisture to reinforcement located in the slab of a beam, due to cracks and also the poor performance of drainage pipes. In this case, the reinforcement corrosion occurs circularly, and the area of remaining reinforcement is calculated by the formula Table 3 shows the area of reinforcement in the girder wall adjusted for corrosion. Thus, using the data from Tables 1-3 , one can clearly and reliably predict the development of the reinforcement corrosion depth, estimating the crack width over time and, using formulas (4.4) ... (4.5), calculate the working area of the rebar which was corroded. Service life, as a characteristic of durability [10] [11] [12] , defines reserve of possible operating time of the object from the beginning of its operation to the occurrence of its limit state. The unit of measurement of service life for the concrete bridge spans is time. Service life depletion, i.e. the occurrence of this limit state, is the result of gradual accumulation of various faults and damages, as well as crack propagation [13, 14] .
In the theory of linear damage accumulation, the ψ function, having a value equal to zero at the start of loading and equalling one at the time of failure, is taken as a measure of damage. It can be represented as where:
As -the original area of beam reinforcement, cm 2 ; As t -beam reinforcement area at the time of technical diagnostics, cm 2 ; As crc -critical reinforcement area as a result of corrosion, cm 2 .
At the beginning of operation As t = As,  = 0 -no damage, the structure is in a good state.
When As t = As crc ,  = 1,0 -the structure is worn out, there is the occurrence of a collapse point.
To determine the critical area of corroded reinforcement, four cases of the stress state of reinforced concrete bridge superstructures were considered. The 1 st case: the neutral axis is in the slab of the beam, the reinforcement is nonpre-stressed. Area of reinforcement can be determined from the height equation of the compressed concrete area where: Rs -design strength of non-pre-stressed reinforcement to tensile; Rsс -design strength of non-pre-stressed reinforcement to compression; Rb -design strength of concrete to axial compression; bf ' -effective width of the slab of a beam; As -area of non-pre-stressed stretched longitudinal reinforcement; As ' -area of non-pre-stressed compressed longitudinal reinforcement.
But, in this equation, there are two unknowns -x and As. To obtain the solution it is necessary to determine x from the condition
where ho -working height of the beam section; as ' -distance from the centre of gravity of the compressed non-pre-stressed longitudinal reinforcement to the nearest edge of the cross-section.
The bending moment is calculated according to the findings of the inspection of the bridge span state [12, 14] . Making the conversion of the formula (4.8), we obtain a square equation
the roots of which will be the following expression
Instead of х, we substitute its value (4.7)
After converting, we obtain a formula for determining the critical area of reinforcement based on corrosion
Similarly, we calculate the 2nd case, when the neutral axis is in the girder wall 
The 3D case: the neutral axis is in the slab of the beam and rebars are pre-stressed. 
The 4th case: the neutral axis is in the girder wall, reinforcement is pre-stressed. Table 4 shows the standard values of ψ [15] . With the data in Table 4 and by using the value of damage accumulation ψ, it is possible to assess the level of reliability of the superstructure on the criterion of reinforcement corrosion in the presence of cracks in the structure as well as to argue objectively about the actual state of the superstructure. The main element in solving this problem is to assign a level of reliability Р (ψ).
The occurrence of the limit state by conditions of reinforcement endurance is associated with sufficiently high material costs and poses a risk to human life, therefore, the reliability level should not be lower than 0.95.
ORIGINALITY AND PRACTICAL VALUE
For the first time, using laboratory experiments, the development of reinforcement corrosion in concrete cracks was determined, together with an assessment of time-varying corrosion depth. Approximated analytical dependences with a high level of confidence (95%), allow reasonable prediction of the crack width in a reinforced concrete superstructure. This has a significant practical value for bridge superstructure service life prediction in the context of defect and damage accumulation, taking into account changes in operating conditions. Formulas for determining the corrosion rate in the rebar, with the ability to predict the working area of corroded reinforcement, also have a practical value.
CONCLUSIONS
The conducted complex of theoretical and practical research of reinforced concrete structures (superstructures) with defects and damages in view of operational changes allowed obtaining scientific results in the form of analytical dependences of reinforcement corrosion in the concrete cracks. The depth of reinforcement corrosion and its rate under certain crack widths, which is determined through inspection, can reliably predict the working area of the corroded bar. This leads to the further assessment of changes in the state of reinforced concrete bridge superstructures as a result of operational changes.
